Separation of tocopherols from soybean sludge by supercritical carbon dioxide (SC-C02) and nitrous oxide (SC-N20) was carried out. This separation was not possible by supercritical fluid (SCF) alone and consequently, it was considered necessary to esterify the sludge with ethanol. Greater separation was possible using sludge esterified free fatty acid with ethanol. Tocopherols could be concentrated by more than 64 % . The tocopherols could be recovered by 90 % in this fraction by SC-CO2 extraction in conjunction with a silicic acid column and simple pretreatment. The silicic acid column could be regenerated for the most part by extraction with an entrainer, such as ethanol.
Introduction
The use of supercritical fluids (SCF) as solvent has gained more acceptance in recent years. Carbon dioxide is a typical SCF that has gained special attention on account of its relatively good solvent power, its affordable price, its incombustibility and its physiological inactivity.
Extraction with SC-CO2 has been applied to various type of foods, especially the decaffeination of coffee1), and extraction of the valuable consituents of hop resins and spices2) have been commercially accomplished in West Germany. In addition, SC-CO2 has been extensively applied to the extraction of fats and oils from oilseeds3)-8). Moreover, the combination of SCF extraction and various methods such as adding entrainer1),9),10), urea adduct method11) and adsorbent method1),12) have been reported. Although some patents for processing plant materials with SCF extraction have been registered in Japan13), 14) , none have been commercial use.
Soybean sludge, or deodorized scum, is a by-product produced in the deodorization of soybean oil, and is known to contain substances such as tocopherols and sterols. Recently the utilization of sludge has been suggested and the works relating to separation of these available substances have been widely studied. At present, the primary use of the sludge is material to obtain tocopherols concentrate.
Several conventional methods have been proposed for obtaining tocopherol concentrate from sludge by vacuum distillation or molecular distillation, purification using adsorbent resins column after esterif ication of free fatty acid and removing sterols with alcohol recrystallization15' 16' . But these methods required very complex process, large amount of organic solvent and energy.
The present paper deals with the fractionation of soybean sludge by means of SCF extraction with and without an additive entrainer and adsorbent.
Materials and Methods

Materials
Soybean sludge containing 4.00 % tocopherols and acid value= 123.71 was provided by Eisai Co. The bulk tocopherols consisted of 17.5 % tocopherol determined by HPLC. Ethyl ester sludge was prepared by esterif ication with ethanol in the presence of Na catalyst. The mixture of soybean sludge (50 g) and ethanol (150 mL ) included 2 g of Na catalyst was refluxed for 2 h at 80°C. Esterified sludge was extracted from reaction mixture with 200 mL of n-hexane and then washing with water to remove excess ethanol and catalyst, and dehydration on an anhydrous Na2SO4. Ethyl ester sludge decreased sterols content by recrystallization in n-hexane solution at low temperature (5°C). n-Hexane was removed from esterif ied sludge by evaporation under a reduced pressure. The composition of these is shown in Table- 1. Commercial-grade pure CO2 was obtained from Nippon Oxygen Co., and anesthetic-grade N20 (99.999 % N20) was from Nissan Kagaku Co. Normal boiling point, critical temperature and pressure and density of both fluids are shown in Table-2. 2.2 Extraction A flow diagram of the extraction apparatus is shown in Fig. -1 . CO2 was supplied from the high pressure gas cylinder (A). After cooling (B) and filtrating, the CO2 was compressed by a compressor (C) to the desired pressure (90-350 atm), which was regulated by a variable back-pressure regulator. The compressed gas was passed through a heater (H) to adjust the temperature (50°C) and then allowed to flow through the vertically mounted extractor (EX) from bottom. In the case of the silicic acid adsorption method, the oil-laden gas was passed through a column of Wako gel C-100 (Wako Pure Chem. Id., 30 g) set up in EX as described in a previous paper'Z'. The oil-laden gas from EX was passed through a metering valve (MV), where SCF was depressurized, and the separated oil was collected in a receiver (RF) whose temperature was controlled at 30°C. The volume of gas flowing in EX was determined with a dry test meter (FM). The C O2 flow rate was regulated at 5.7 NL/min, and extractions were run on 20 g quantities of sludges.
Analysis
The composition of extract and residue was measured by TLC-FID ( Iatroscan TH-10 analyser, Iatron Co. ) method using n-hexane-diethyl ether-formic acid (90 :10 : 1 vol/vol/vol) as a mobile phase and the results calculated from the average of several data. Iatroscan chromatogram of original soybean sludge is shown in Fig. -2 . The sample is separated into seven peaks with differing R f values with the compositions of each peak being identified as shown in Table- 1.
The tocopherol content was determined by HPLC method"' on a Kyowa K-880 liquid chromatograph (Kyowa Co., Ltd.) using a Radial- Application of simple extraction of soybean sludge was carried out with SC-CO, and SC-N20. Physical data of nitrous oxide are similar to those of carbon dioxide (Table-2 ). However, its solvent power as SCF is larger than that of carbon dioxide. The extractability of soybean sludge with SC-N,O and SC-CO, is shown in Fig. -3 . About 2. 2 wt % of the sludge could be extracted with SC-NZO at 150 atm pressure and 50°C which was about three times larger than when SC-CO, was used. SC-N20 is effective to extract low volatile substances such sterols. Fig. -4 shows the change of the extracts during extraction with SC-N20. The waxes, which are weakly polar substances, were preferentially concentrated in the initial fractions, while the tocopherols were extracted constantly throughout the experiment. The sterols, which are relatively polar substances, were concentrated to 29-39 in later fractions. The tocopherol concentration of the final fraction could be increased to about 10. 38 %, compared with 4. 00 % tocopherols in the sludge charged. As shown by Fig. -4 , the major extract for any fraction was FFA. The results obtained when SC-CO, was used were very similar to the extraction performed with SC-N2O.
From these experiments, it is concluded that the fractionation of soybean sludge by simple extraction with SCF is impractical.
3.2 Effect of esterification of soybean sludge on separation efficiency with SC-COZ The present results indicate that simple extraction with both SCF at 150 atm pressure and 50°C is impractical for the fractionation of sludge. However, the major factors that affect the solubility of any substance in SC-CO, are the molecular weight and polarity. And therefore, we attempted to decrease the polarity of free fatty acid by means of esterication. Fig. -5 shows the effect of esterification of sludge on extraction efficiency with SC-CO, As a result of decreasing the FA's polarity and viscosity by esterification, the extraction efficiency could be increased up to seven times. Consequently, we examined the extraction at pressure lower than 150 atm corresponding with the extraction that selectivity might be improved .
The change of extracts with SC-CO2 is shown in Fig. - A total of 79.3 % tocopherols in the SC-CO2 extracted sludge could be recovered in the final fraction. However, this fraction contained 62.7 % of sterol which resulted in an increace in viscosity and made further concentration of tocopherols difficult. The sterol is preferred to be removed completely from the soybean sludge by conventional method15'''6' before the extraction by this method. 3 3 Application of a silicic acid column to SC-CO2 extraction We previously described a method in which the cholesterol content of SC-CO2 extracted butter oil could be decreased by passing the oil-laden gas through a silicic acid colum&2'. The polarity of cholesterol is higher than that of triglycerides, while the molecular weight of cholesterol is almost equivalent to that of triglycerides with carbon number 24 (not including carbons of glycerol). The colesterol could be separated by the extraction with SC-CO2 combined with a silicic acid column, which is the most popular adsorbent for lipid fractionation with polarity. Therefore, we attempted to use this method to fractionate the ethyl ester sludge .
The result is shown in Fig, -7 . A column filled with 30 g of silicic acid was used in the extraction. Initially the fractions extracted at 90 to 100 atm contained 0.016 to 0.030 % tocopherols and 95 to 99 % fatty acid ester. This means separation efficiency of SC-CO2 extraction was improved by silicic acid column . When 60 % of These results may be improved by removal of some of the sterol ester before esterification of the sludge. The free sterol was mostly adsorbed by silicic acid column. This silicic acid column was approximately regenerated by the SCF extraction with an entrainer such as ethanol or methanol .
From these results, extraction of tocopherol from soybean sludge with SC-COZ combined with esteri f ication and a silicic acid column was found to give an effective separation.
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